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Abstract. Sometimes the ionospheric total electron con-
tent (TEC) is signiﬁcantly enhanced during low geomag-
netic activities before storms. In this article, we investi-
gate the characteristics of those interesting TEC enhance-
ments using regional and global TEC data. We analyzed the
low-latitude TEC enhancement events that occurred around
longitude 120◦ E on 10 February 2004, 21 January 2004,
and 4 March 2001, respectively. The TEC data are derived
from regional Global Positioning System (GPS) observations
in the Asia/Australia sector as well as global ionospheric
maps (GIMs) produced by Jet Propulsion Laboratory (JPL).
Strong enhancements under low geomagnetic activity before
the storms are simultaneously presented at low latitudes in
the Asia/Australia sector in regional TEC and JPL GIMs.
These TEC enhancements are shown to be regional events
with longitudinal and latitudinal extent. The regions of TEC
enhancementsduringtheseeventsareconﬁnedatnarrowlon-
gitude ranges around longitude 120◦ E. The latitudinal belts
of maxima of enhancements locate around the northern and
southern equatorial ionization anomaly (EIA) crests, which
are consistent with those low-latitude events presented by
Liu et al. (2008). During the 4 March 2001 event, the to-
tal plasma density Ni observed by the Defense Meteorolog-
ical Satellite Program (DMSP) spacecraft F13 at 840km al-
titude are of considerably higher values on 4 March than on
the previous day in the TEC enhanced regions. Some TEC
enhancement events are possibly due to contributions from
auroral/magnetospheric origins; while there are also quasi-
periodic enhancement events not related to geomagnetic ac-
tivity and associated probably with planetary wave type os-
cillations (e.g. the 6 January 1998 event). Further investi-
gation is warrented to identify/separate contributions from
possible sources.
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1 Introduction
It is well known that, during geomagnetic storms, large and
global dramatic disturbances occur in the geospace due to
enhanced dissipation of energy of solar winds and/or inter-
planetary magnetic ﬁelds, driving the magnetosphere, ther-
mosphere and ionosphere system deviated considerably from
their normal levels. In particular, the considerably perturbed
behavior of the ionosphere is commonly known as an iono-
spheric storm, manifesting as huge increases and/or deple-
tions in total electron content (TEC), electron concentrations
and peak height (hmF2) of the F2 layer. Since its discov-
ery, theionosphericstormhasreceivedextensivestudies(e.g.
Araujo-Pradere et al., 2004; Buonsanto, 1999; Kane, 1973;
Kutiev and Muhtarov, 2001; Lin et al., 2005; Liu et al.,
2004). As a result, many excellent reviews on this topic have
been published (e.g. Buonsanto, 1999; Danilov, 2001; Fejer,
2002; Mendillo, 2006; Pr¨ olss, 1995), although many open
questions are still unresolved.
Furthermore, even at quiet geomagnetic activity levels, the
ionosphere still presents a highly day-to-day variability (e.g.
Fejer, 2002; Forbes et al., 2000; Laˇ stoviˇ cka and ˇ Sauli, 1999;
Xiong et al., 2006). Some have sources associated with
geomagnetic activities, while others possibly have sources
in the atmosphere or from below (e.g. Blagoveshchensky
et al., 2006; Laˇ stoviˇ cka and ˇ Sauli, 1999; Mikhailov et al.,
2004, 2007a). The effects of atmospheric waves on the
ionosphere were reviewed by Laˇ stoviˇ cka (2006). Recently,
Mikhailov et al. (2004, 2007b) analyzed the morphology of
both positive and negative quiet-time F2-layer disturbances
(Q-disturbances). They found that daytime positive and neg-
ative Q-disturbances are due to different formation mecha-
nisms. Moreover, Kutiev et al. (2006, 2007) reported that
the TEC enhancements occurred outside of the initial and
main phases of geomagnetic storms. They speculated that
these enhancement structures are produced mainly by dis-
turbance dynamo electric ﬁelds, and built up after the main
phase of the storms; some events appearing at the end of
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prolonged low geomagnetic activity periods can be linked di-
rectly to penetrating interplanetary electric ﬁeld in the equa-
torial ionosphere.
There is an intriguing feature among the day-to-day vari-
abilities in the ionosphere; that is, compared to the corre-
sponding background level, in some cases electron density is
greatly enhanced with an amplitude comparable to the F2-
layer storm effects for some hours, even up to a day, prior to
the onset of geomagnetic storm disturbances. This peculiar
feature is termed as the prestorm enhancement by Bureˇ sov´ a
and Laˇ stoviˇ cka (2007) or a positive phase before the begin-
ning of a geomagnetic storm by Danilov (2001) and Kane
(1973). Danilov (2001) listed it as one of the unsolved prob-
lems. Typicalexamplesoftheseunusualenhancementsinthe
maximum electron density (NmF2) or the critical frequency
(foF2) of the F2 layer can be found in Kane (1973, 2005),
Blagoveshchensky et al. (2006), Bureˇ sov´ a and Laˇ stoviˇ cka
(2007), Danilov (2001) and Liu et al. (2008). Early works
also reported such anomalies, but unfortunately it attracted
little attention and has been studied much less than the storm-
time behaviors of the F2 region. As a result, we are still lack-
ing information on the characteristics of this phenomenon;
the sources and mechanisms responsible for its happening
are also unknown.
Bureˇ sov´ a and Laˇ stoviˇ cka (2007) proposed that these en-
hancements might be a sub-group of such Q-disturbances.
Therefore, studying these unusual enhancements in the iono-
sphere will improve our understanding on the physical pro-
cessesduringionosphericstormsandtheday-to-dayvariabil-
ity of the ionosphere. It also has potential applications in the
ionospheric weather.
Recently, Bureˇ sov´ aandLaˇ stoviˇ cka(2007)reportedtheoc-
currence of NmF2 prestorm enhancements at European mid-
dle latitudes. They found that about 20–25% of strong storms
are accompanied by strong prestorm enhancements. Later,
Liu et al. (2008) investigated the 21 April 2001, 29 May
2003, 22 September 2001, 9 August 2000, and 10 May 2002
events at low latitudes in the Asia/Australia sector. All ﬁve
events they reported illustrate that NmF2 and TEC were si-
multaneously enhanced signiﬁcantly at equatorial ionization
(EIA) crest latitudes. Both Bureˇ sov´ a and Laˇ stoviˇ cka (2007)
and Liu et al. (2008) demonstrated that the solar ﬂare effects
are generally not the main drivers for these enhancements,
because the main features of these enhancements do not co-
incide with the solar ﬂare effects. Moreover, Bureˇ sov´ a and
Laˇ stoviˇ cka (2008) found that the E-region appears to be in-
sensitive to prestorm enhancements. Liu et al. (2008) sug-
gested that the plasma vertical drift or zonal electric ﬁeld is
a likely cause for the low-latitude prestorm enhancements,
supported by the existence of stronger EIA and the latitudi-
nal coverage of the enhancements during these low-latitude
events.
Up to now, we do not know whether or not the signa-
ture of the enhancement can be detected in one region when
it appears in another region. In other words, it is still not
clear whether this kind of unusual enhancements is a re-
gional or global phenomenon. Both Liu et al. (2008) and
Bureˇ sov´ a and Laˇ stoviˇ cka (2007) did not provide us with a
detailed picture of the spatial coverage of the enhancement
events. These enhancements may have a longitudinal depen-
dence. Evidence can be found from a typical example on
28 October 2003. On that day, a large enhancement in foF2
was presented at middle latitudes over Europe (Bureˇ sov´ a and
Laˇ stoviˇ cka, 2007), but it was not detected at low latitudes in
the Asia/Australia sector. Moreover, it is necessary to deter-
mine whether the sources are associated with geomagnetic
activity or have their origins in the atmosphere or from be-
low. A detailed comparison of the evolutions of the iono-
sphere and solar wind and interplanetary parameters is help-
ful for identifying possible sources. This question has been
answered in part by Kutiev et al. (2006, 2007). They re-
ported that, although these events are observed during peri-
ods of low geomagnetic activity, some cases are attributed
to the post-storm effects of preceding storms; while in other
cases enhancements appear during prolonged periods of low
geomagnetic activity, not connected with the recovery phase
of a storm.
The present work collects the regional and global TEC
data from global positioning system (GPS) measurements
to further investigate this enhancement phenomenon at low
latitudes in the Asia/Australia sector. The global GPS TEC
data are provided from the global ionospheric maps (GIMs)
produced by Jet Propulsion Laboratory (JPL), which make it
possible to determine the longitudinal and latitudinal extent
of the enhancement events. A regional GPS (the network
of International GNSS Service (IGS), formerly the Interna-
tional GPS Service, augmented with GPS receivers from a
network located in China) will provide accurately the evolu-
tion of TEC at around longitude 120◦ E. We will focus on de-
termining the latitudinal and longitudinal coverage of these
TEC enhancements in selected cases; and to explore whether
or not it can be found in the topside ionosphere using ob-
servations of the Defense Meteorological Satellite Program
(DMSP) spacecraft. Moreover, on the basis of our observa-
tions we will also discuss the possible sources of enhance-
ments.
2 Data source
In this work, we still concentrate on selected events rather
than statistical analysis. We will present the TEC enhance-
ment events that occurred on 10 February 2004, 21 January
2004, and 4 March 2001, respectively, at low latitudes in the
Asia/Australia sector. We select these three events with pro-
longed low geomagnetic activity on some previous days and
preceding a geomagnetic storm. The regional ionospheric to-
tal electron content (TEC) is derived from IGS network GPS
receivers augmented with a network of GPS receivers located
in China along longitude 120◦ E in the Asia/Australia sector.
Ann. Geophys., 26, 893–903, 2008 www.ann-geophys.net/26/893/2008/Libo Liu et al.: Prestorm low-latitude TEC enhancements 895
Fig. 1. Solar wind pressure (p), IEF Ey, and IMF Bz measured by the ACE satellite, AL and SYM-H indices, and total electron content
(TEC) measured along 120◦ E longitude and the deviations (1TEC) from the median TEC values on 7–11 February (days 38–42) 2004.
The median values are evaluated from the 31-day observations centered on 10 February, 2004. The ionospheric TEC were enhanced at low
latitudes in both hemispheres on 10 February 2004.
At the same time, GIMs for ionospheric TEC have been
routinely produced at JPL since 1998 using GPS data col-
lected from the IGS worldwide GPS network (e.g. Mannucci
et al., 1998; Iijima et al., 1999). A GIM provides a snap-
shot of TEC for a universal time interval, and such maps are
produced continuously through a day. A version of GIMs
with temporal resolution of 2h is archived at the website
ftp://cddisa.gsfc.nasa.gov/gps/products/ionex/. In terms of
the snapshots of TEC as a function of longitude (in degrees),
latitude (in degrees) and universal time (UT in hours), we
can determine the longitudinal and latitudinal structure of the
ionospheric signature during these events.
3 Results
3.1 The 10 February (day 41) 2004 event
The ﬁrst enhancement event which we considered occurred
on 10 February 2004, following by a storm on 11 Febru-
ary 2004. We present in Fig. 1 solar wind dynamic pressure
(p), the dawn-dusk component of interplanetary electric ﬁeld
(IEF Ey), the north-south component of interplanetary mag-
netic ﬁeld (IMFBz), as well as AL and SYM-H indices on 7–
11 February 2004. The p and IMF Bz parameters are taken
from the ACE satellite observations at L1 (∼1.42×106 km
from the Earth), while IEF Ey is derived from solar wind
velocity and IMF measurements by the ACE satellite. Pos-
sibly a time delay of 1h should be realized due to the prop-
agation time from the L1 point to the interested altitude of
the Earth’s ionosphere. Similar to Kutiev et al. (2007), in the
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Fig. 2. The deviations (1TEC) from the median values of JPL GIM total electron content (TEC) as a function of longitude and latitude at
six universal times on 10 February (day 41), 2004. The median values are evaluated from the 31-day observations centered on 10 February
2004.
followingﬁguresnotime-shiftcorrectionwasmadeinp, IEF
Ey, and IMF Bz to account for the propagation time. SYM-
H (Iyemori and Rao, 1996) has a time resolution of 1min,
essentially a higher-resolution version of Dst. A remarkable
feature in Fig. 1 is the onset of a storm on 7–11 February
2004. The preceding days (7–9 February) were geomagneti-
callyquiet, exceptforaweakdepressionintheSYM-Hindex
on 9 February with minimum values not exceeding −27nT.
This disturbance is too small to be regarded as a storm, ac-
cording to the magnetic storm classiﬁcation. However, as
indicated by the AL index, weak to moderate bursts, which
are possibly related to substorms, are documented at high lat-
itudes due to the IMF Bz southward turnings.
The bottom two panels in Fig. 1 show the regional TEC
values and the corresponding deviations 1TEC along 120◦ E
during 7–11 February 2004. Here 1TEC=(TEC−TECm)
are the absolute deviations of TEC from the median values
TECm, which are evaluated from the 31-day observations
centered on 10 February 2004. The TEC enhancements are
described in terms of the deviations of TEC (1TEC) from
the reference level. As seen from the TEC contour, the equa-
torial ionization anomaly (EIA) is well developed and inten-
siﬁed at local noon on 10 February 2004. Two humps appear
in the TEC maps. The 1TEC is augmented at latitudes of
the north and south EIA crests, with maximum positive val-
ues larger than 30TECu (TEC unit, in 1016 electrons/m2).
The main feature of this enhancement event is quite similar
to those reported in Liu et al. (2008). After the shock wave
and southward IMF Bz approaching the Earth, the 11 Febru-
ary 2004 storm started, accompanied by huge disturbances in
the ionosphere.
In order to determine the latitudinal and longitudinal cov-
erage of the TEC enhancement, deviations (1TEC) from the
median values are calculated from global JPL GIMs. Fig-
ure 2 plots the global 1TEC as a function of longitude and
latitude at selected six universal times (02:00, 04:00, 06:00,
08:00, 12:00 and 14:00UT) on 10 February (day 41) 2004.
The corresponding median values are evaluated from the 31-
day global GIMs centered on 10 February 2004.
As can be seen in Fig. 2, the 10 February 2004 TEC en-
hancement is evidently a regional event. The constructed
global 1TEC maps show that the TEC enhanced regions
are conﬁned at the EIA crest latitudes in the Northern and
Southern Hemispheres with a narrow longitudinal band cen-
tered at longitude around 120◦ E. The enhancements of JPL
TEC started at 04:00UT, well-developed at 08:00UT, and
disappeared at 12:00UT. During the well-developed EIA in-
tervals, the enhancement is stronger in the Northern/winter
Hemisphere and with a wider longitudinal band than the
Southern/summer Hemisphere. Moreover, the time evolution
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Fig. 3. Same as Fig. 1, but for 18–22 January (days 18–22) 2004. TEC were enhanced at low latitudes in both hemispheres on 21 January
2004.
and latitudinal coverage of the enhanced 1TEC derived from
JPL GIM is generally consistent with that of the regional
TEC, as shown in the bottom panel of Fig. 1.
3.2 The 21 January 2004 event
Thesecondenhancementeventoccurredon21January2004,
followed by a storm on 22 January 2004. Similar to Fig. 1,
Fig. 3 plots the ACE satellite measured solar wind dynamic
pressure p, IEF Ey and IMF Bz, as well as AL and SYM-H
indices on 18–22 January 2004. As demonstrated in Fig. 3, a
storm started on 22 January 2004. The preceding four days
(18–21 January) were geomagnetically quiet, according to
SYM-H index. In contrast, it is interesting that the situa-
tion at high latitudes is dynamic; geomagnetic bursts are in
progress on 19 and 20 January, as indicated by AL index. So-
lar winds and huge IMF disturbances were approaching the
Earth at the beginning hours of 22 January, which caused a
geomagnetic storm with a SSC at 1.58UT.
The bottom two panels in Fig. 3 show values of the re-
gional TEC and 1TEC along 120◦ E during 18–22 January
2004. As seen from the bottom two contours in Fig. 3, the
EIA is evidently more developed on 21 January 2004 with a
strongernorthern/winterEIAcrest. Previousobservationsre-
veal that the plasma density in the F-layer is higher in winter
than in summer, a feature known as a winter anomaly. Dur-
ing the enhancement the northern EIA crest moves to higher
latitudes, compared to the preceding quiet days. The most
marked enhancement of TEC appears in the local afternoon.
3.3 The 4 March 2001 event
A TEC enhancement event occurred on 4 March 2001, just
before the onset of the 4 March 2001 storm. Similar to
Figs. 1 and 3, Fig. 4 plots the ACE satellite measured so-
lar wind dynamic pressure p, IEF Ey and IMF Bz, as well
as AL and SYM-H indices on 1–5 March 2001. As demon-
strated in Fig. 4, a storm started on 4 March 2001 when the
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Fig. 4. Same as Fig. 1, but for 1–5 March (days 60–64) 2001. TEC were enhanced at low latitudes in both hemispheres on 4 March 2001.
enhancement event was over. A difference in this event from
the above two events is that a shock wave was approaching
the Earth around 12:00UT on 3 March, as indicated by solar
wind dynamic pressure p (top panel of Fig. 4). As a result,
it is interesting that the prestorm AL index is quite dynamic,
although its values are not very high, while the SYM-H index
is low. This is a case of the so-called HILDCAA (High In-
tensity, Long Duration, Continuous Auroral Activity), which
appears when the Earth passes through the so-called Corotat-
ing Interaction Regions (CIR); more about this kind of phe-
nomena can be found in Tsurutani and Gonzalez (1997).
The bottom two panels in Fig. 4 show the regional TEC
and 1TEC along 120◦ E during 1–5 March 2001. As is evi-
dent, the EIA becomes stronger on 3 March and more signiﬁ-
cant on 4 March. The latitudes of the regional TEC enhance-
ment are again located at the south and north EIA crests. The
most marked enhancements of TEC also appear at intervals
from local afternoon to evening.
Figure 5 plots the global 1TEC constructed from JPL
GIMs as a function of longitude and latitude at selected
six universal times (05:00, 07:00, 09:00, 13:00, 15:00 and
19:00UT) on 4 March 2001. The global 1TEC maps illus-
trate that the unusual enhancement can be detected from JPL
GIMs at intervals from 09:00UT to 15:00UT. The 4 March
2001 TEC enhancement is also a regional event. However,
the situation of global TEC is quite different from the re-
gional result (the bottom panel of Fig. 4). The enhancement
in JPL global TEC is clustered around the northern EIA crest
latitudes in a narrow longitudinal band centered at a longi-
tude around 120◦ E. An enhancement signature cannot be
easily found in the Southern Hemisphere. In contrast, the en-
hancement in the regional TEC appears at both hemispheres,
although the southern one is relatively weaker. The differ-
ences are possibly due to many more GPS receivers in the
Asia/Australia sector being included in constructing the re-
gional TEC data than the JPL GIM TEC.
Bureˇ sov´ a and Laˇ stoviˇ cka (2008) found no systematic ef-
fect of any foF2 prestorm enhancement in the F1 region,
which indicates possible altitudinal dependence. To explore
whether or not the signature of enhancements can be found
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Fig. 5. Same as Fig. 2, but for the event on 4 March 2001. The median values are evaluated from the 31-day observations centered on 4
March 2001.
in the topside ionosphere, we check the DMSP F13 total ion
concentrations (Ni) observations. Fortunately, during the
4 March 2001 event DMSP F13 passed over the TEC en-
hancement regions which were illustrated in Figs. 4 and 5.
The left panel of Fig. 6 demonstrates the trajectories of se-
lected DMSP F13 passes on 3 March 2001 (solid curve) and
4 March 2001 (dotted curve), and the right panel for Ni dur-
ing the F13 passes shown in the left panel. Leaving aside the
plasma irregularity structures (Ni spikes in the right panel),
an obvious feature of Fig. 6 is that the values of Ni at 840km
altitude in the TEC enhanced regions are considerably higher
on 4 March (doy=63) than those on 3 March (doy=62). Thus,
enhancement in plasma density also occurred in the topside
ionosphere during this event. It also provides evidence of
the existence of enhanced electric ﬁelds (Zhao et al., 2005).
Another interesting feature is that the magnitude of the Ni el-
evation tends to be more pronounced in the Northern Hemi-
sphere, compared to that in the Southern Hemisphere, which
is consistent with the result of our regional TEC data (Fig. 4).
However, the overall level Ni is elevated over the whole lat-
itude range, and not just limited in the EIA crest latitudes as
is the regional TEC.
4 Discussion
Both Bureˇ sov´ a and Laˇ stoviˇ cka (2007) and Liu et al. (2008)
demonstrated that the solar ﬂare effects are generally not the
Fig. 6. (Left) Trajectories of DMSP F13 spacecraft during the 3
March (red solid trace) and 4 March (blue dotted trace) 2001 pas-
sage over the TEC enhancement region. (Right) DMSP F13 obser-
vation of plasma density in the topside ionosphere during 10.73–
11.28UT on 4 March (blue dotted trace) 2001 and during 10.95–
11.46UT on 3 March (red solid trace) 2001.
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Fig. 7. The prompt penetration vertical drifts and perturbed vertical drift components due to disturbed wind circulation dynamo effects
during the periods of those three events. These vertical drifts were predicted by the storm-time drift model of Fejer and Scherliess (1997).
main driver for these unusual enhancements; thus, we will no
longer discuss the solar ﬂare effects. Based on the fact that
there were better developed EIA presented in those events,
Liu et al. (2008) suggested that the enhanced zonal electric
ﬁeld or vertical plasma drift is a likely cause for low-latitude
unusual enhancements.
It is well known that the equatorial electric ﬁeld plays an
important role in the variations of the equatorial and low lat-
itude F2 layer ionosphere under both geomagnetically quiet
and active conditions (Abdu, 1997; Fejer, 2002; Huang et al.,
2006; Huba et al., 2005; Maruyama et al., 2007). Enhanced
equatorial electric ﬁelds during storms have been reported
(e.g. Huang et al., 2005; Lin et al., 2005; Tsurutani et al.,
2004; Zhao et al., 2005), which may induce the so-called
super-fountain effect in the equatorial ionosphere. Many in-
vestigations revealed that, the perturbations in the equatorial
plasmadrift aredue tothe combined effectsof directpenetra-
tion and longer lasting ionospheric disturbed dynamo electric
ﬁelds (Fejer, 2002; Fejer and Scherliess, 1997; Tsurutani et
al., 2004). Prompt penetration electric ﬁelds occur during
periods of rapid and large IMF driven changes. Thus, so-
lar wind and magnetospheric driving mechanisms often di-
rectly affect the ionosphere at low latitude, even at middle
latitudes (Huang et al., 2002, 2006). Southward turnings of
IMF Bz mark enhanced magnetospheric convection and pro-
duce a dawn-dusk electric ﬁeld in the equatorial ionosphere.
The y-component of the solar wind electric ﬁeld can be di-
rectly mapped to the equatorial ionosphere, giving rise to a
penetration electric ﬁeld and a vertical drift (Kelley et al.,
2003). The penetration drifts have typical lifetimes of about
an hour.
Another kind of disturbed electric ﬁeld is associated with
storm-time thermospheric circulation, driven by enhanced
energy deposition into the high-latitude ionosphere (e.g.
Abdu, 1997). According to the results of empirical and the-
oretical models, the ionospheric disturbance dynamo electric
ﬁelds at low latitude are westward by daytime and eastward
at night, with longer time delays of about 20–30h (Scherliess
and Fejer, 1997).
Figure 7 plots the components of prompt penetration and
perturbed dynamo vertical drifts, as predicted by the storm-
time drift model of Fejer and Scherliess (1997) using ob-
served AE indices during these events. The solid curves
present the prompt penetration component, while the dashed
lines present the perturbed dynamo vertical drifts. It should
be mentioned that the model of Fejer and Scherliess (1997)
cannot always predict the actual situation quite well. Several
studies have shown large discrepancies in vertical drifts be-
tween observations and that of Fejer and Scherliess’ model
(see, e.g. Liu et al., 2002) in some situations.
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Strong electron density enhancements are frequently ob-
served during geomagnetic storms (Kelley et al., 2003; Ku-
tiev et al., 2006, 2007; Lin et al., 2005; Liu et al., 2004). Ku-
tievetal.(2006, 2007)observedstrongTECenhancementsat
the end of the recovery phase of geomagnetic storms. Since
the ionospheric disturbances caused by geomagnetic activ-
ities usually last 1–3 days, Kutiev et al. (2006, 2007) at-
tributed the enhancements of TEC during some events to the
“post storm effects”. Although SYM-H indices are low dur-
ing these events (see Figs. 1, 3, and 5), continuous heating
of the auroral thermosphere by electrojet current and particle
precipitations are possible when geomagnetic activity in the
high latitude ionosphere is active. Both AL indices and the
predicted vertical drifts (Fig. 7) show that the atmosphere is
disturbed 6 to 8h ahead of TEC enhancing on 10 February
2004. For the 21 January 2004 and 4 March 2001 events, the
predicted vertical drifts (Fig. 7) are disturbed in the preced-
ing two days as well as during the enhancement periods.
Global maps of TEC deviations during the selected events
(Figs. 2 and 5) clearly show that enhanced TEC structures
are conﬁned around 120◦ E longitude. It is interesting to
note that some events of enhanced TEC during storms were
reported to be conﬁned in regions in the literature (for ex-
ample, Kelley et al., 2004). This kind of enhancement was
called a storm-enhanced density (SED), which is regularly
observed in the pre-midnight sub-auroral ionosphere (Kelley
et al., 2004). Probably, the TEC enhancement in the equato-
rial anomaly crests is strongly local-time dependent, which
deserves further investigation.
In contrast, there are also events (e.g. the 6 January 1998
event) with quasi-periodic TEC enhancements not related to
geomagnetic activity and associated probably with planetary
wave type oscillations. Planetary wave effects in the F2-layer
have been reported previously (e.g. Altadill and Apostolov,
2003; Xiong et al., 2006). Although planetary waves can-
not propagate directly upwards to the altitude of the F-layer,
due to the viscosity effects, they can affect the F-region pro-
cesses via modulating ionospheric E-layer dynamo electric
ﬁelds and mapping to higher altitudes along geomagnetic
ﬁeld lines. This extremely large day-to-day variability under
such a long period of low geomagnetic activity suggests that
this kind of enhancement event should not be caused by the
effects of auroral activities/ magnetospheric origins, rather
possibly by the atmospheric origin.
However, at present, we have difﬁculties in separating
sources associated with auroral/magnetospheric activities
from those in the atmosphere itself or from below. The his-
torical state of geomagnetic activity makes the question more
complicated. To say the least, if the low-latitude enhance-
ments can be attributed to enhanced zonal electric ﬁelds or
vertical plasma drifts, the latitudinal extent of positive 1TEC
can be explained. However, we still have difﬁculty to an-
swer why these unusual TEC enhancements only appear in
the narrow longitudinal band.
5 Summary
To reveal the behaviors of unusual ionospheric enhance-
ments at low latitudes during low magnetic activity before
the storms, we analyzed selected low-latitude enhancement
events by using TEC measurements from regional and global
GPS receivers. The main results of this investigation may be
listed as follows:
Strong low-latitude enhancements under a long period of
low geomagnetic activity before the storms are simultane-
ously presented in regional TEC and JPL GIMs. These en-
hancements are regional events, having longitudinal and lat-
itudinal extent. The regions of TEC enhancements are con-
ﬁned at narrow longitude ranges with centers at around lon-
gitude 120◦ E. The latitudinal belts of the maxima of en-
hancements located around the northern and southern EIA
crests, are consistent with those events presented by Liu et
al. (2008). Besides, both data sources show general similar
features during these events; differences are also presented,
possibly due to many more GPS receivers being included
in constructing the regional TEC maps in the Asia/Australia
sector.
The 10 February 2004, 21 January 2004, and 4 March
2001 events are possibly the effects associated with auro-
ral/magnetospheric activities, according to the conditions of
solar wind, interplanetary electric and magnetic ﬁelds ob-
served by ACE satellite, as well as AL and SYM-H indices.
There are also quasi-periodic enhancement events (e.g. the
6 January 1998 event, ﬁgure not shown here), not related to
geomagnetic activity and associated probably with planetary
wave type oscillations. However, we still have difﬁculties in
separating the possible sources. More coordinate observa-
tions are requested to identify the contributions from differ-
ent sources.
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